This paper studies the \priority call service" for personal communication service such as GSM cellular networks. With this service, a priority call request is bu ered in a waiting queue if no free channel is available. The bu ered request can be served as soon as free channels become available. We develop an analytic model to evaluate the performance for the priority call service. In addition, computer simulations are conducted to verify the analytic model. The results indicate that priority calls experience very low new call blocking probability as well as low call incompletion probability at the cost of increasing the force-termination probability.
Introduction
A personal communication service (PCS) network provides voice/data services to the subscribers through wireless media. The service area of a PCS network is partitioned 1 into several smaller areas called cells. Each cell has a base station (BS) using a xed number of radio channels to serve the calls to and from the mobile handsets in the cell. When a handset initiates a call attempt in a cell where no free channel is available, the call is blocked. This is referred to as new call blocking. A handset in a conversation may move from the current cell to another cell. To continue the conversation, the handset requires a free channel in the new cell. This procedure is referred to as call hando . If no free channel is available during hando , the call is forced to terminate. Two major performance measures of a PCS network are the blocking rate (the new call blocking probability) and the dropping rate. A dropped call is a connected call that is eventually force-terminated. Many solutions to reducing the blocking and the dropping rates are based on queueing schemes 1, 2, 3, 5, 6, 8] . In the queueing schemes, if no channel is available, hando calls and new calls are placed in a queue until free channels become available, or the calls leave the cell or are force-terminated. Guerin 5] considered a guard channel/queueing scheme in which new calls were queued in a FIFO order if the channels were unavailable. Hong and Rappaport 2] studied a similar channel assignment strategy that allows queueing of hando attempts. Chang et al. 1] studied the reneging e ect of new calls and the queueing e ect of both new calls and hando calls. This paper studies channel assignment for a GSM service 4] called priority call. The mechanism works as follows. A call request issued by a user without the priority call service is blocked if no free channel is available. On the other hand, a priority call request is bu ered in a waiting queue if no free channel is available. This bu ered request is served when a free channel is available. Thus, a user subscribing the priority call service experiences low call blocking. This paper investigates the performance for the priority call service. The paper is organized as follows. Section 2 presents the tra c and analytic models for the priority call schemes. Section 3 describes the simulation model for priority calls, which is used to validate the analytic model. The e ect of priority calls and the mobility of call requests are discussed in Section 4.
The Analytic Models
In this section, we describe the analytic models for priority call based on the tra c model proposed in 7, 8] . We study two priority call mechanisms called the non-carryover scheme and the carry-over scheme. For a PCS network with priority call service, there are two types of call arrivals. The priority calls are issued from the customers subscribing the priority call service, while the non-priority calls are issued from the customers without the priority call service. If no free channel is available in the BS, a non-priority new call is blocked, while a priority new call request is bu ered in a waiting queue. The queued requests can be served later in a FIFO order if free channels become available before the handsets move out of the cell. The priority call mechanism is not employed in hando calls. That is, hando calls of both types are force-terminated if there is no free channel in the cell. If the user of a queued priority call moves to a new cell before any free channel is available in the old cell, the call is also blocked. In other words, the queued priority call cannot be carried over to the new cell. This priority call mechanism is referred to as the non-carry-over scheme. The modeling for this scheme is described below.
The call arrivals to a BS are assumed to be Poisson with rate o1 for non-priority new calls and with rate o2 for priority new calls. Let the hando rate of non-priority calls be h1 and that of priority calls be h2 . Let be the total arrival rate to a cell. Then = o1 + o2 + h1 + h2
The call holding time is assumed to be exponentially distributed with mean 1 . The cell residence time of a handset is assumed to be exponentially distributed with mean 1 . Let c be the number of channels in a cell. The non-carry-over scheme can be modeled as an M/M/C Markov process where state s i (i 0) represents that i calls (either connected or queued) are in the cell. Fig. 1 illustrates the state transition diagram of the process. Consider the states where free channels are available. For i < c, the process moves from s i to s i+1 with rate . Since a busy channel is released when the call is either completed or handed over to another cell (with rate ! = + ), the process moves from s i+1 to s i with rate (i + 1)!. For the states where no free channel is available, only priority new calls are bu ered in the waiting queue. Other call arrivals including hando requests are rejected because no channel is available. Thus, for j 0, the process moves from s c+j to state s c+j+1 with rate o2 . The process moves from s c+j+1 to s c+j either due to a channel release from a served call or due to the leaving of a queued request. A served call releases the channel with rate ! and the user of a queued request leaves the cell with rate . Thus, the process moves from s c+j+1 to s c+j with rate c! + (j + 1) . Let i be the steady state probability for state s i . Then, Let P o1 be the new call blocking probability of non-priority calls and P o2 be that of priority calls. Let P f be the force-termination probability of hando calls. A nonpriority new call is blocked and a hando call is force-terminated if no free channel is available when the call arrives, i.e., the process is in state s i where i c. Hence, P o1 and P f can be expressed as 
The new call blocking probability P o2 of the priority calls can be derived as follows. Let i+1 be the probability that a priority call arrives at state s i and the call leaves the cell before it receives a free channel. The new call blocking probability of the priority calls can be expressed as
For i c, i = 0 because free channels are available. For i = c + 1, c+1 can be derived as follows. Suppose that the priority call in the queue stays in the cell for a period t. The priority call is blocked if it leaves the cell before any channel is released. 
The rst term of the equation is the probability that the last queued request leaves the cell (and is thus blocked) before any call in front of it leaves or completes. The second term of the equation is the probability that the last queued call does not leave rst (with probability c!+(i?1?c) c!+(i?c) ) but it is eventually blocked (with probability i?1 ). From (3) and (4) 
From (2) and (5), P o2 can be expressed as (6) Another important performance indicator is the expected waiting time before a priority call is connected. For i 1, let c+i be the expected time that the ith call request in the waiting queue becomes the (i ? 1)st request in the queue, i.e., a call in front of the ith call completes or leaves, and the ith call remains in the cell. Suppose that the ith queued call stays in the cell for a period t and that a call in front of this call completes or leaves during period t. 
The values of P o1 ; P o2 are computed by assigning initial values for hi (i = 1; 2) and then iterating equations (1), (6), (8) and (9) until h1 and h2 converge 7] . Then T w , P nc1 and P nc2 are computed by using (7), (10) and (11). 
The Carry-Over Scheme
A queued request moving out of a cell is considered blocked in the non-carry-over scheme. The carry-over scheme relaxes this restriction by allowing a waiting request to be carried over to the next visited cell when the user moves to that cell. As a result, a priority call always gets connected sooner or later. Let the arrival rate of the carried-over call requests to a cell be co . The total call arrival rate in a cell is expressed as = o1 + o2 + h1 + h2 + co The carry-over scheme can be modeled by a Markov process similar to that of the noncarry-over scheme. Fig. 2 depicts the state transition diagram. This state diagram is di erent from the previous model only when there is no free channel in a BS. For state s i where i c, the e ective call arrivals in the carry-over scheme consist of priority calls and carry-over requests, while the arrivals in the non-carry-over scheme only consist of priority calls. The equations of the stationary state probability i can be expressed as A non-priority call or a hando call is blocked if no free channel is available, and
Since a priority call will eventually be served, the new call blocking probability of the priority calls P o2 = 0. Let P co be the probability that a priority call request is carried over to another cell. Since a carried-over request corresponds to a blocked priority call in the non-carry-over scheme, equation (6) in the non-carry-over scheme also applies to P co . Therefore, we have For the carry-over scheme, the expected waiting time of a priority call is derived as follows. Let the expected waiting time of a priority call in a cell be T , i.e., after T expires, the call request is either served in the cell or carried over to another cell. Let T i+1 be the expected waiting time of a priority call arriving at state s i . Period T can be expressed as
Clearly, if there are free channels, a call request gets served immediately. In other words, T i = 0 for i c. Consider a priority call arriving at state s c .
because the call request waits until either a connected call completes (with rate c!) or the call request leaves the cell (with rate ). For i > c, T i can be expressed by the following recursive equation. 
By using the iterative procedures described in the previous section, the output measures P nc1 ; P nc2 ; P o1 ; P o2 ; P f and T w can be obtained.
The Simulation Model
In addition to the analytic models described in Section 2, computer simulations are conducted to evaluate the priority call schemes. In our simulation experiments, the PCS system consists of 36 BSs connected as a 6x6 wrapped mesh network. A handset hands over to one of the four neighboring cells with equal routing probability (i.e., 0.25). The mean call holding time 1= is assumed to be 3 minutes. Every BS has c = 10 channels and 4,000,000 new call requests are simulated to ensure that the simulation results are stable. The output measures of the simulation are the number of new call arrivals of non-priority calls (N 1 ) and priority calls (N 2 ), the blocked nonpriority new calls (N o1 ) and priority calls (N o2 ), the number of non-priority hando calls (N h1 ) and priority hando calls (N h2 ), the number of force-terminated nonpriority hando calls (N f1 ) and priority calls (N f2 ), the waiting time of connected Figure 3 : The event format of the non-carry-over scheme calls (W ) and the waiting time of blocked calls (W 1 ). The above measurements are used to compute P nc1 ; P nc2 ; P o1 ; P o2 ; P f1 and P f2 , where
Fig . 3 shows the event format used in the simulation. In this format, T s represents the timestamp of the event, T c represents the residual call holding time of the event and T m represents the cell residence time of the event. NewCell is the BS in which the event occurs. OldCell is the BS in which the handset resides before a hando occurs. The type eld represents the event type. The simulation model consists of six event types.
An ARRIVAL 1 (ARRIVAL 2) event represents a non-priority (priority) new call arrival. A HANDOFF 1 (HANDOFF 2) event represents a non-priority (priority) call that hands over to another BS. A COMPLETE 1 (COMPLETE 2) event represents the completion of a non-priority (priority) call. The events are inserted into an event list and are deleted (and processed) from the list in the non-decreasing timestamp order. Fig. 4 shows the ow chart of the non-carry-over simulation model.
In the ow chart, steps 1 and 2 initialize the simulation and generate an ARRIVAL 1 (ARRIVAL 2) event for each BS. At steps 3 and 4, the next event e is deleted from the event list and processed based on its type. For an ARRIVA 1 (ARRIVAL 2) Nf1: number of non-priority handoff calls force-terminated Nf2: number of priority handoff calls force-terminated Figure 4 : The ow chart of the non-carry-over schemeevent, if N = 4; 000; 000 at step 5, the simulation terminates and the performance measures are calculated at step 6. Otherwise, a new ARRIVAL 1 (ARRIVAL 2) event is generated for the corresponding BS at step 7 and the number of generated new calls is incremented by one at step 8. If there are free channels in the BS (c.f. step 9), an idle channel is allocated to the new call. The number of free channels in the BS is decremented by one at step 10.
For an ARRIVAL 1 event, step 12 decides whether the call is completed in the BS or hands over to another BS. If the call holding time T c is smaller than the cell residence time T m , the call is completed in the BS and a COMPLETE 1 event is generated at step 13. Otherwise, the call hands over to another BS and a HANDOFF 1 event to the new BS is generated at step 14. The same procedure is used to process an ARRIVAL 2 event at step 15. For a non-priority new call event ARRIVAL 1, if no free channel is available in the BS, the call is dropped and N o1 is incremented by one (c.f. step 17). On the other hand, for a priority new call event ARRIVAL 2, the event is inserted into the waiting queue (c.f. step 18).
If e is a COMPLETE 1 (COMPLETE 2) event at step 4, the call is completed and the channel is released. The number of free channels for the corresponding cell c(i; j) is incremented by one (c.f. step 19). The call completion statistic N c1 (N c2 ) is updated at step 20. The waiting queue of cell c(i; j) is checked to see if there is any waiting call (c.f. step 21). If so, the rst waiting call is selected for service (c.f. step 22).
Step 23 checks if the selected waiting call has moved out of the cell before the channel is released. If so, the call is force-terminated and N o2 is incremented by one (c.f. step 24). Otherwise, the idle channel is assigned to the selected waiting call and the waiting time of this call is calculated (c.f. step 25). If the cell residence time is larger than the completion time of the call, a COMPLETE 2 event is generated with timestamp T s + T c . Otherwise, the call hands over to the next cell and a HANDOFF 2 event is generated with timestamp T s + T m . If e is a HANDOFF 1 (HANDOFF 2) event at step 4, the channel in the old cell is released and the number of free channels is incremented by one (c.f. step 29). The waiting queue of the old BS is checked to see if there is any waiting call to be served. The process is the same as steps 21-28. The number of hando calls N h1 (N h2 ) is incremented by one (c.f. step 31). If no free channel is available in the new BS, the non-priority hando call is force-terminated and N f1 is incremented by one (c.f. step 33). If idle channels are available in the new BS, a channel is allocated and the number of free channels is decremented by one. The residence time of the call in the new BS is generated by an exponential random number generator (c.f. step 34). If the residence time of the call is larger than the residual completion time, the call will be completed in the new cell and a COMPLETE 1 event for the new cell is generated at step 36. Otherwise, a HANDOFF 1 event is generated (c.f. step 37). The processing of the HANDOFF 2 event follows the same procedure as in steps 32-37 and the details are given in step 38. The simulation for the carry-over scheme is similar to the above simulation model. The details are omitted. Fig. 5 indicates that for various mobility rates , the analytic results (the solid curves) are consistent with the simulation results (the dashed curves).
Discussions
Based on the analytic and the simulation models developed in the previous sections, we investigate the performance for the priority call schemes. We rst consider the non-carry-over scheme in which the tra c load is a 50/50 split between priority calls and non-priority calls. Let o = o1 + o2 . Fig. 5 (a) and (b) illustrate the e ects of user mobility on the new call blocking probabilities P o1 and P o2 . Fig. 5 (a) indicates that the new call blocking probability of non-priority calls decreases as the user mobility rate increases. The reason is that for a high user mobility, the BSs experience shorter channel occupancy times and have better chances to allocate free channels to individual customers. On the other hand, Fig. 5 (b) shows that the new call blocking probability of priority calls increases as the mobility rate increases. This is because the queued requests are less likely to be served when the users move at high speed. These queued requests stay in the waiting queue for shorter periods, and are blocked when the users move to the new cells. Fig. 5 (c) and (d) show the call incompletion probabilities. Both the non-priority and the priority calls experience more call incompletions as the mobility rate increases. Since more hando s are observed when the mobility rate is high, the calls are more likely to be dropped. In all cases, P nc1 > P nc2 . The di erence between P nc1 and P nc2 becomes signi cant for low mobility rate. Fig. 6 (a) plots the probability P qs that a queued request is connected before the user leaves the cell. This gure indicates that P qs > 92% in all cases under consideration. This result implies that most queued calls are served before the user leaves the cell, which also implies that the carryover scheme will not signi cantly improve the performance over the non-carry-over scheme. Indeed, in the remainder of this section, we will show that the performance of both schemes is similar. 
igure 6: Performance for the non-carry-over scheme: the number of channels per BS is c = 10; the mean call holding time 1= is 3 minutes queued requests that are eventually connected. T w decreases as the user mobility rate increases. The gure also indicates that the T w performance is almost identical for both the carry-over and the non-carry-over schemes. Note that T w is between 6-23 seconds in Fig. 6 (b) . Fig. 6 (c) plots the waiting time distribution function F (t w ) for a queued request that is eventually connected. For high mobility users ( = 2 ), 90% of the queued calls are served within 15 seconds. For low mobility users ( = 0:1 ), 70% of the queued calls are connected within 25 seconds. The results imply that the waiting time caused by the priority queueing scheme is acceptable. When a priority call is bu ered, the user is informed of this situation. Most of the users then experience a callback when the bu ered request is connected within 15-25 seconds. Tables 1 and 2 summarize the performance measures for three cases: the basic scheme without the priority call service, the non-carry-over scheme with priority calls only and the carry-over scheme with priority calls only. Both tables indicate that the performance is similar for both the carry-over and the non-carry-over schemes. Table 1 summarizes the analytic results for low user mobility ( = 0:1 ). The new call blocking probability P o and the call incompletion probability P nc of the non-carry-over scheme are substantially reduced compared with the basic scheme. These signicant achievements are at the cost of increasing the force-termination probability P f . Several prioritized hando channel assignments have been proposed to reduce the force-termination probability. The reader is referred to 3, 8] for the details. Table 2 summarizes the analytic results for high user mobility ( = 2 ). Compared with the basic scheme, the non-carry-over scheme signi cantly improves the new call blocking probability at the cost of moderately increasing the force-termination probability. In terms of P nc , the non-carry-over scheme outperforms the basic scheme. However, the improvement is not as signi cant as the case for low user mobility. Finally, we consider the e ects of various mixed tra c scenarios between priority calls and non-priority calls. Let be the portion of priority call users in the system. Figs. 7 and 8 show the e ect of on the non-carry-over scheme. Since priority calls have the priority to access the free channels, it is intuitive that all output measures under consideration (i.e., P nc1 ; P nc2 ; P o1 and P o2 ) increase as increases. However, as increases, the expected waiting time and queue length increases.
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